Because of operational limitations, a significant proportion of the health centers at the peripheral level are able to provide treatment to Buruli ulcer patients with the combination rifampin (rifampicin)-streptomycin (RIF-STR) only five times weekly (5/7) instead of seven times weekly (7/7), as recommended. The objective of this experiment is to assess the impacts of various dosing frequencies of the combination on its bactericidal and sterilizing activities against Mycobacterium ulcerans in mice. The results demonstrate that the bactericidal activities did not differ significantly among five dosing frequencies of the combination, ranging from seven times to twice weekly, whereas the sterilizing activities differed widely. RIF-STR 7/7 was the only regimen that was able to sterilize the infection after 4 to 8 weeks of treatment; the sterilizing activities associated with reduced dosing frequencies were significantly diminished, and 8 weeks of 5/7 administration yielded a relapse rate greater than the generally accepted level of 5%. We recommend that the duration of treatment with 5/7 administration be prolonged beyond 8 weeks and that additional experiments with mice be carried out, with sufficient statistical power to compare the relapse rates of M. ulcerans infection between 8 weeks of 7/7 administration and 10 and 12 weeks of 5/7 administration of RIF-STR.
Daily administration of the combination rifampin (rifampicin)-streptomycin (RIF-STR) for 8 weeks is currently the only drug regimen recommended by the World Health Organization for the treatment of Buruli ulcer (14) . In hospital settings, where daily treatment can be ensured, the regimen is highly effective (2, 3) , and the 12-month relapse rate is negligibleonly 1.44% (2) . To expand the coverage of Buruli ulcer treatment in the field, delivery of RIF-STR is being decentralized to peripheral health centers. However, a significant proportion of these health centers operate only on weekdays and are therefore able to provide treatment to ambulatory patients only five times weekly (5/7) rather than seven times weekly (7/7), as recommended. It is not clear whether the administration of RIF-STR 5/7 is as effective as administration 7/7. Furthermore, for operational reasons, it is unlikely that every ambulatory patient will receive regular treatment with RIF-STR even during the weekdays. Therefore, it is important to determine the maximal irregularity of RIF-STR administration capable of yielding an acceptable relapse rate of Mycobacterium ulcerans infection within a fixed duration of treatment (e.g., 12 weeks, because of the possible adverse effects caused by longer durations of treatment with STR [1] ). We have assessed the impacts of various dosing frequencies of RIF-STR on its bactericidal and sterilizing activities against M. ulcerans in mice.
MATERIALS AND METHODS
Antimicrobial agents. RIF was purchased from Gruppo Lepetit (Anagni, Italy) and STR from Panpharma (Fougères, France).
Infection of mice with M. ulcerans. As in our earlier experiments (5) (6) (7) (8) , the left hind footpad of each of 440 4-week-old female BALB/c mice was inoculated subcutaneously with 0.03 ml of a bacterial suspension containing 1.5 ϫ 10 3 CFU of M. ulcerans CU001.
Treatment of mice. Seven weeks after the mice were infected, by which time all of the mice demonstrated a lesion index (8) of 2 (i.e., definite inflammatory swelling limited to the inoculated footpad) or 3 (i.e., inflammatory swelling involving the entire inoculated foot), 10 mice were sacrificed for the enumeration of CFU in the inoculated footpads in order to establish the pretreatment (day zero) value. The remaining 430 mice were randomly allocated among six groups: one untreated control group of 40 mice and five treated groups of 50 to 90 mice each (Table 1) . Treatment was begun immediately after randomization. Each treated group was treated with one of five regimens differing in the dosing frequency of the RIF-STR combination: either daily (7/7), five times weekly (5/7) (Monday to Friday), four times weekly (4/7) (Monday, Tuesday, Thursday, and Friday), three times weekly (3/7) (Monday, Wednesday, and Friday), or twiceweekly (2/7) (Monday and Thursday). RIF was suspended in 0.05% agar-distilled water and administered by gavage; STR was diluted with normal saline and administered by subcutaneous injection. The dosages on each day of treatment were 10 mg of RIF per kg of body weight and 150 mg of STR per kg of body weight, as in our earlier experiments (5) (6) (7) (8) .
At least 10 mice per group were sacrificed at regular intervals during treatment, as shown in Table 1 . During treatment, 18 mice died from causes other than M. ulcerans infection. Only 202 mice were available for monitoring of the relapse of M. ulcerans infection after the completion of treatment (6) (7) (8) : 17 to 20 mice from each of the groups that had been treated for 4, 6, or 8 weeks with RIF-STR administered either 7/7 or 5/7, for 8 or 10 weeks with RIF-STR 4/7, for 10 or 12 weeks with RIF-STR 3/7, or for 12 weeks with RIF-STR 2/7 ( Table 2) . These mice were held without treatment for an additional 28 weeks.
Assessment of the severity of infection and the effectiveness of treatment. The severity of infection and the effectiveness of treatment were assessed according to the mean log 10 CFU count per inoculated footpad. The sterilizing activity of the treatment was assessed in terms of the relapse rate of M. ulcerans infection during the 28-week posttreatment follow-up.
To enumerate CFU, the tissues of the footpad were removed aseptically at sacrifice and homogenized in Hanks' solution in a final volume of 2 ml. For the untreated controls, the tissue suspensions were serially diluted in 10-fold steps, and 0.1 ml of each of the appropriate dilutions was plated in triplicate on Löwenstein-Jensen medium. For the treated mice, the entire volume (2 ml) of the undiluted tissue suspension from each footpad was plated on 10 tubes of Löwenstein-Jensen medium. Cultures were examined after incubation at 30°C for 90 days.
To monitor the relapse of M. ulcerans infection during the 28-week posttreatment follow-up, the inoculated footpads were examined weekly for observation of the evolution of the lesion index, which is scored from 0 to 5. The criteria for the scoring of the lesion index have been described elsewhere (8) . If there was a rebound of the lesion index to Ն3 in the inoculated footpad, which suggested a possible recurrence of M. ulcerans infection, the affected mouse was sacrificed immediately, and the entire volume of the undiluted tissue suspensions from the inoculated footpad was plated on 10 tubes of Löwenstein-Jensen medium for cultivation of M. ulcerans. After incubation at 30°C for 90 days, a positive culture, i.e., a culture with Ն1 M. ulcerans colony, was taken to indicate a relapse of M. ulcerans infection. Finally, at the end of the 28-week posttreatment follow-up, all surviving mice were sacrificed, and tissues from the inoculated footpads were cultivated for M. ulcerans by the same technique.
Tests of the susceptibilities of the 28 relapsing isolates of M. ulcerans to drugs. Two methods were employed.
(i) Proportion method. For the proportion method (13), the colonies were collected, ground, suspended in distilled water, and plated in duplicate on drugfree and drug-containing (final concentration of RIF or STR, 4 g/ml) 10% oleic acid-albumin-dextrose-catalase-enriched 7H11 agar media. Cultures were then incubated at 30°C for 90 days. The MICs of RIF and STR against isolate CU001 (5) were 2 and 0.5 g/ml, respectively, before exposure to these drugs.
(ii) Genetic method. Based on published results (9, 11, 12) and information about the complete genome of M. ulcerans (GenBank accession no. CP000325), we designed six primers for amplification of the rpoB, rpsL, and rrs genes of M. ulcerans. Primers rpoBMuS (5Ј-GCG CCA CGG TGG GTG AGC TG-3Ј) and rpoBMuAS (CCT TGC GGT AGG GCG TCT CG) were chosen for the detection of mutations associated with RIF resistance, and primers MurpsLS (5Ј-ATG CCA ACC ATT CAG CAG CTG GT-3Ј), MurpsLAS (5Ј-TGG GCG CGG GCC CTT TGC GCG GCA T-3Ј), Murrs (5Ј-GAT GAC GGC CTT CGG GTT GTA AAC C-3Ј), and MurrsASpart1 (5Ј-GTT CCT CCT GAT ATC TGC GCA TTC C-3Ј) were chosen for the detection of mutations associated with STR resistance. DNA was extracted as described previously (4) . Amplification reactions were performed in a MyCycler thermal cycler (Bio-Rad) under the following conditions: 1 cycle of 10 min at 94°C, followed by 40 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, with a final 10-min extension step at 72°C. Amplification products of 400 bp, 350 bp, and 422 bp, derived from rpsL, rrs, and rpoB, respectively, were analyzed by electrophoresis through 1% agarose-Tris-borate-EDTA gels and were visualized by staining with ethidium bromide. PCR fragments were purified through spin columns (Qiagen, Hilden, Germany) and were sequenced by the method of Sanger et al. (10) by using the same primers, the BigDye Terminator (version 3.1) cycle sequencing kit (Applied Biosystems, France), and an ABI Prism automatic sequencer, model 3100 (Applied Biosystems, France). The nucleotide sequences were analyzed using SeqScape (Applied Biosystems), and the mutations were determined by comparison with the reference sequence from GenBank (http://www.ncbi.nlm.nih.gov/).
Statistical analysis. The results were analyzed by means of Student's t test and Fisher's exact probability calculation. Differences at the 95% level of confidence were considered significant. A regimen was considered bactericidal if the mean log 10 CFU count per inoculated footpad in the treated group was significantly lower than the pretreatment value. A regimen was considered to have sterilized the infection if the culture-positive relapse rate during the 28-week posttreatment follow-up was no greater than 5%.
RESULTS
Evolution of the lesion index and log 10 CFU count of the inoculated footpads during treatment. Among the untreated control mice, the average lesion index continued to increase (Fig. 1) ; at the time point corresponding to 4 weeks after treatment, 3 of the 30 untreated mice had already succumbed to M. ulcerans infection. Inoculated footpads were invariably culture positive for M. ulcerans, and the mean log 10 CFU count Cultures from 10 footpads were contaminated, a not-uncommon occurrence when the lesion index of the footpad is high (i.e., 4) and necrosis exists; these contaminated footpads are excluded from the denominator. on November 10, 2017 by guest http://aac.asm.org/ per inoculated footpad had increased significantly and progressively over the pretreatment value (P Ͻ 0.01) ( Table 1 ).
The average lesion index of every treated group was significantly lower than that of the untreated control group (Fig. 1) , and no treated mouse died from M. ulcerans infection during treatment. The great majority of mice administered RIF-STR either 7/7, 5/7, or 4/7 became culture negative after 4 weeks of treatment; by contrast, a majority of the mice administered RIF-STR 2/7 remained culture positive after 8 or 10 weeks of treatment ( Table 1 ). The log 10 CFU counts of the 25 culturepositive treated mice (all from groups that had been administered RIF-STR either 4/7, 3/7, or 2/7) were rather low: 17 mice had 1 to 10 colonies, 6 had 11 to 20 colonies, 1 had 21 colonies, and 1 had 22 colonies. As a result, the mean log 10 CFU counts of all treated groups were significantly lower than the pretreatment value (P Ͻ 0.01). There was no significant difference in the lesion index and the log 10 CFU count among the five treated groups at most time points, with two exceptions: (i) during the first 5 weeks of treatment, the average lesion index of the RIF-STR 7/7 group was significantly lower than those of most of the other treated groups (P Ͻ 0.05) (Fig. 1); (ii) the rates of culture positivity of the groups treated with RIF-STR 2/7 for 8 and 10 weeks were significantly greater than those of the other treated groups at the same time points (P Ͻ 0.05) ( Table 1) . However, when treatment with RIF-STR 2/7 was continued to 12 weeks, only 2 of 10 treated mice remained culture positive, and the rate of culture positivity no longer differed significantly from those of the other treated groups (P Ͼ 0.05), assuming that the culture results of these groups would have remained the same as at the time of their final sacrifice (Table 1) .
Relapse rates of M. ulcerans infection during the 28-week posttreatment follow-up. Among the 202 mice monitored for relapse of M. ulcerans infection after the completion of treatment, clear-cut culture-results were available for 195 mice. The cultures from seven mice were contaminated; these mice were excluded from the denominators for calculation of the rate of culture-positive relapse. As shown in Table 2 , there were 28 culture-positive relapses: 27 relapses were associated with rebounds of the lesion index of the inoculated footpad to Ն3, while 1 relapse was not associated with a rebound of the lesion index but was revealed by a positive culture (6.9 ϫ 10 2 colonies) at the end of the 28-week follow-up. Rebound of the lesion index occurred from 10 to 22 weeks after the end treatment, with a median value of 16 weeks.
Unlike the bactericidal activities during treatment, the relapse rates of M. ulcerans infection during the 28-week posttreatment follow-up differed widely among the treated groups. a One relapse after 10 weeks of treatment with RIF-STR 3/7 was not associated with rebound of the lesion index but was revealed by a positive culture (6.9 ϫ 10 2 colonies) when the mouse was sacrificed at the end of the 28-week follow-up.
FIG. 1. Evolution of the average lesion index during treatment of mice with various dosing frequencies of the RIF-STR combination.
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As shown in Table 2 , not a single culture-positive relapse was observed after treatment with RIF-STR 7/7 for 4 weeks or longer. However, the relapse rates were 23.5% (4/17), 20.0% (3/15), and 11.7% (2/17), respectively, after 4, 6, and 8 weeks of treatment with RIF-STR 5/7. The combined relapse rate after 4, 6, and 8 weeks of treatment with RIF-STR 5/7 was significantly greater by Fisher's exact probability calculation than that after treatment with RIF-STR 7/7 (P ϭ 0.001), indicating that the sterilizing activity of RIF-STR against M. ulcerans was significantly compromised by reducing the dosing frequency from 7/7 to 5/7 and that 8 weeks of RIF-STR 5/7 failed to sterilize M. ulcerans infection in mice. When the dosing frequency of RIF-STR was reduced further to 4/7 or 3/7 but the duration of treatment was prolonged to 10 weeks, the relapse rates were 16.7% (3/18) and 25.0% (4/16), respectively, both unacceptably high. Further prolongation of treatment to 12 weeks yielded a relapse rate of 5.6% (1/18) for the group administered RIF-STR 3/7 and a relapse rate of 45% (9/20) for the RIF-STR 2/7 group. Table 2 also demonstrates that, in the two groups that had been treated with RIF-STR 2/7 or 3/7, 10 of the 13 relapses occurred within 16 weeks after the end of treatment, whereas only 3 of the 14 relapses-a significantly smaller proportion-among the mice treated with RIF-STR 4/7 or 5/7 were observed during this time (P Ͻ 0.05). The intervals between the end of treatment and the rebound of the lesion index were significantly shorter for the first two groups than for the latter two groups, probably because, at the time the treatment was stopped, the numbers of persisting viable M. ulcerans organisms (i.e., "persisters") in the first two groups were greater than those in the latter two groups, although this interpretation cannot be confirmed by cultivation.
Results of drug susceptibility tests of the 28 relapsing isolates of M. ulcerans. When drug susceptibility was tested by the proportion method, the CU001 isolate, used as a control, multiplied well on drug-free 10% oleic acid-albumin-dextrosecatalase-enriched 7H11 agar medium but not on drug-containing (4 g/ml of either RIF or STR) 7H11 agar medium. Likewise, among the 28 relapsing isolates, 22 (79%) multiplied on drug-free medium, but none multiplied on drug-containing medium; 6 relapsing isolates failed to multiply on drug-free medium. When drug susceptibility was tested by genetic methods, no mutation was detected in the rpoB, rrs, or rpsl genes of any of the 28 relapsing isolates. Thus, all 28 relapsing isolates of M. ulcerans remained susceptible to RIF and STR. Table 1 demonstrates that, in terms of the reduction of culture positivity and the mean log 10 CFU count per inoculated footpad during treatment, the bactericidal activities of RIF-STR 5/7 and RIF-STR 7/7 against M. ulcerans were virtually identical. The bactericidal activities for the three remaining treated groups, i.e., those treated with RIF-STR either 4/7, 3/7, or 2/7, did not differ significantly from those for the former two groups, although conversion to culture negativity for the RIF-STR 2/7 group was delayed by a few weeks. Assuming that, at the beginning of treatment, the great majority of organisms in the M. ulcerans population were actively metabolizing and rapidly dividing, it seems reasonable to suspect that all five RIF-STR regimens were equally effective in containing and killing these organisms, thereby reducing or stopping the production of mycolactone. Consequently, during treatment with RIF-STR, as shown in Fig. 1 , similar declines in the average lesion index in the inoculated footpads were observed for all treated groups. Therefore, it appears likely that clinical improvement of Buruli ulcer may occur not only during treatment with either 7/7 or 5/7 administration but also during treatment with a dosing frequency less than 5/7.
DISCUSSION
Nevertheless, the long-term efficacy of RIF-STR treatment with a dosing frequency less than 7/7 may be problematic, because the relapse rate is more closely linked to the sterilizing activity of treatment, i.e., the killing of the small number of "persisters," which are believed to have brief periods of metabolic activity interspersed with periods of dormancy. Because only a tiny fraction of the persisters are killed after each dose of drug administered, the rate at which the persisters are eradicated is largely determined by the dosing frequency of the treatment: the lower the dosing frequency, the greater the number of surviving persisters and the higher the relapse rate. As shown in Table 2 , RIF-STR 7/7 was the only regimen that sterilized the M. ulcerans infection after 4 to 8 weeks of treatment. This result is in accord with the observation that Buruli ulcer patients treated daily with RIF-STR for 8 weeks had only a negligible relapse rate (2). However, relapses occurred when the dosing frequency of RIF-STR was reduced to 5/7; after 8 weeks of RIF-STR 5/7, the relapse rate was 11.7%, higher than the generally accepted relapse rate of 5%, indicating that the sterilizing activity against M. ulcerans was significantly compromised by reducing the RIF-STR dosing frequency from 7/7 to 5/7. Further reduction of the RIF-STR dosing frequency to 4/7 or 3/7 yielded unacceptably high relapse rates even if the duration of treatment was prolonged to 10 weeks, indicating that a small increase in the duration of treatment was insufficient to compensate for the decline in sterilizing activity resulting from the reduction of the dosing frequency. Further prolongation of the duration of treatment to 12 weeks yielded a nearly acceptable relapse rate (5.6%) for the RIF-STR 3/7 group, but the relapse rate remained alarmingly high (45%) for the RIF-STR 2/7 group.
Decentralizing the delivery of the RIF-STR combination to health centers at the peripheral level is an important strategy for expanding the coverage of Buruli ulcer treatment. However, for operational reasons, a significant proportion of these health centers are able to provide treatment to ambulatory patients only five times weekly instead of seven times weekly. The current experiment has clearly demonstrated that the sterilizing activity against M. ulcerans infection of mice was significantly compromised by reducing the RIF-STR dosing frequency to 5/7 and that 8 weeks of administration of RIF-STR 5/7 failed to prevent an unacceptable rate of relapse of M. ulcerans infection. Because there is no easy solution to the operational difficulties of providing daily RIF-STR treatment at the peripheral health centers, a simpler strategy is to modify the treatment regimen. One possible approach is to change to an orally administered combination regimen, such as the combination of RIF with clarithromycin (6, 7), which does not require patients to be treated daily at the health center. However, despite an ongoing clinical trial that has demonstrated promising therapeutic effects of the RIF-clarithromycin combination for 20 patients with Buruli ulcer (A. Chauty and B. Ji, unpublished data), because of the small sample size, none of the oral regimens can currently be employed as routine treatment in the field. Therefore, one must accept the reality that a significant number of health centers at the peripheral level can provide only RIF-STR 5/7 for treatment of Buruli ulcer. To compensate for the compromised sterilizing activity of this regimen against M. ulcerans, the duration of treatment with RIF-STR 5/7 must be prolonged. The design of the current mouse experiment did not permit direct determination of the appropriate duration of treatment with RIF-STR 5/7 that may yield an acceptable relapse rate. However, based on the observations that the relapse rate gradually declined as the duration of treatment was prolonged and that the relapse rate was reduced to 11.7% after treatment of mice with RIF-STR 5/7 for 8 weeks (Table 2 ), it appears reasonable to expect the relapse rate after 10 or 12 weeks of 5/7 administration to be below 5%. Given the practical difficulty of conducting a randomized, controlled clinical trial to compare the relapse rates after 7/7 and 5/7 administration of RIF-STR, an additional experiment with sufficient statistical power to compare the relapse rates of M. ulcerans infection in mice after 8 weeks of RIF-STR 7/7 to those after 10 and 12 weeks of RIF-STR 5/7 is warranted.
The current experiment did not provide direct evidence that the relapse rate in mice after RIF-STR treatment administered either 4/7 or 3/7 was significantly greater than that after treatment with RIF-STR 5/7. On the other hand, the facts that the relapse rates remained unacceptably high after 10 weeks of either 4/7 or 3/7 administration and were very high after 12 weeks of 2/7 administration suggest that nonadherence of patients to the administration of RIF-STR may further compromise the sterilizing activity of the treatment. Therefore, patients should be encouraged to adhere closely to 5/7 administration, and a second course of treatment should be considered for those patients who have missed a substantial number of doses of RIF-STR.
